Receptor-mediated Gq signaling promotes hypertrophic growth of cultured neonatal rat cardiac myocytes and is postulated to transduce in vivo cardiac pressure overload hypertrophy. Although initially compensatory, hypertrophy can proceed by unknown mechanisms to cardiac failure. We used adenoviral infection and transgenic overexpression of the alpha subunit of Gq to autonomously activate Gq signaling in cardiomyocytes. In cultured cardiac myocytes, overexpression of wild-type G␣q resulted in hypertrophic growth. Strikingly, expression of a constitutively activated mutant of G␣q, which further increased Gq signaling, produced initial hypertrophy, which rapidly progressed to apoptotic cardiomyocyte death. This paradigm was recapitulated during pregnancy in G␣q overexpressing mice and in transgenic mice expressing high levels of wild-type G␣q. The consequence of cardiomyocyte apoptosis was a transition from compensated hypertrophy to a rapidly progressive and lethal cardiomyopathy. Progression from hypertrophy to apoptosis in vitro and in vivo was coincident with activation of p38 and Jun kinases. These data suggest a mechanism in which moderate levels of Gq signaling stimulate cardiac hypertrophy whereas high level Gq activation results in cardiomyocyte apoptosis. The identification of a single biochemical stimulus regulating cardiomyocyte growth and death suggests a plausible mechanism for the progression of compensated hypertrophy to decompensated heart failure.
Heterotrimeric guanine nucleotide-binding proteins (G proteins) of the Gq family transduce signals from a variety of widely expressed membrane receptors to generate diverse, tissue-specific effects (1) . In many target tissues, receptormediated activation of Gq regulates physiological responses such as contraction and secretion. A role for Gq-coupled receptors in regulation of cell growth has become apparent only more recently (2) . Cardiac muscle expresses Gq-coupled receptors that do not appear to play a primary role in modulating cardiac contractile function. Rather, the relevant physiological role for Gq-coupled receptor agonists may be stimulation of cardiac hypertrophy. Indeed, multiple Gqcoupled receptor agonists stimulate hypertrophy of cultured neonatal rat cardiac myocytes (3) (4) (5) (6) .
In the intact heart, cardiac hypertrophy is typically a compensatory response to increased hemodynamic load. The resulting increase in cardiac mass improves cardiac performance in the short term by reducing wall stress (7) . When the hemodynamic load is not relieved however, the hypertrophied heart ultimately dilates and fails in a phenomenon termed ''decompensation.'' A role for Gq-signaling in the development and decompensation of hypertrophy is supported by the effects of transgenic overexpression of ␣1 adrenergic and angiotensin II receptors in cardiomyocytes (8, 9) . In fact, heterozygous transgenic overexpression of G␣q in cardiomyocytes induces cardiac enlargement with many of the molecular, structural and functional characteristics of pressure overload hypertrophy (10). Of interest, higher level G␣q overexpression in dual heterozygous mice causes a lethal dilated congestive cardiomyopathy with myocyte loss in the absence of inflammation, suggesting a role for apoptosis. Although cardiomyocyte apoptosis has been implicated in human cardiomyopathy (11, 12) and animal models of myocardial injury (13) (14) (15) , a role for Gq signaling in apoptotic cardiomyocyte death has not been explored, and the relationship between apoptosis and cardiac failure has not been defined adequately.
The current study explores the role of Gq signaling in cardiomyocyte hypertrophy and apoptosis by using cultured adenovirus-infected neonatal cardiac myocytes or transgenic mice with enhanced G␣q signaling. Our results demonstrate that sustained high level activation of G␣q can produce apoptotic cardiomyocyte death and can lead to heart failure.
MATERIALS AND METHODS
Preparation of Adenoviral Constructs and Adenoviral Infection of Cultured Cardiomyocytes. The wild-type G␣q (G␣q WT) and constitutively active GTPase-deficient mutant G␣q (Q209L) expression plasmids developed and characterized by Johnson et al. (16) were kindly provided by John Exton (Vanderbilt Univ.). G␣q WT and Q209L cDNAs were cloned into PACCMVpLpA(ϩ) shuttle vector. Recombinant adenovirus was generated by homologous recombination of cotransfected pJM17 and PACCMV in human embryonal kidney (HEK293) cells, was confirmed by restriction digests, was amplified in HEK293 cells, and was titrated by agarose overlay (17) . Viral supernatants were harvested and used directly for myocyte infection. Similar results were obtained by using cesium chloride purified adenovirus. Neonatal rat ventricular myocytes (6, 17) were plated overnight in serum-containing media, were washed, and were incubated in serum-free media 6 hr before addition of adenovirus at a titer of 10 plaque forming units per cell. Cells were washed, and serum-free media was replaced 16-18 hr later.
In Situ Terminal Deoxytransferase Assays. Cardiomyocytes on laminin coated coverslips were fixed in 4% paraformaldehyde, were permeabilized and labeled with digoxigenin-11-
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© 1998 by The National Academy of Sciences 0027-8424͞98͞9510140-6$2.00͞0 PNAS is available online at www.pnas.org. deoxyuridine triphosphate by using terminal deoxynucleotide transferase (18) , and were stained with alkaline phosphataseconjugated anti-digoxigenin. Myocardial sections were deparaffinized, were labeled with fluorescein-12-digoxigenin-11-deoxyuridine triphosphate (terminal deoxynucleotidyltransferase-mediated UTP end labeling, (TUNEL), assay), and were counterstained with propidium iodide (0.5 g͞ml). Labeled nuclei were counted to determine the apoptotic index (no. labeled nuclei͞no. total myocyte nuclei ϫ 100). For internucleosomal DNA cleavage assays, DNA preparation and agarose electrophoresis were performed essentially as described (12) .
Transgenic Mice. FVB͞N mice expressing murine G␣q under control of the ␣ myosin heavy chain promoter have been described (10) . For peripartum studies, 8-week-old female G␣q-25 mice were bred and were observed daily for signs of congestive heart failure. Mice were considered to have died of heart failure if post mortem examination revealed cardiomegaly, pleural effusions, and pulmonary congestion or if dyspnea and cyanosis was of such severity that the animal was clearly terminal. Methods for RNA dot blot analysis, cardiac morphometric, and cardiac myocyte cross sectional area measurements and cardiac histology are as reported (10, 19) . Organ weights were indexed to tibial length rather than body weight because body weight varied with gestational duration.
Cell Signaling Assays. Infected cells were labeled for 8 hr with 2 Ci͞ml [ 3 H]myoinositol, and inositol phosphate formation was determined as described (5) . Jun N-terminal kinase (JNK) or p38 mitogen activated protein (MAP) kinase activities were measured as described (20) except that myelin basic protein was used as substrate for p38.
Statistical Analysis. Results are presented as mean Ϯ SEM. Multiple groups were compared by one way analysis of variance followed by the Bonferroni test for comparison of individual means. Statistical significance was accepted at P Ͻ 0.05.
RESULTS

G␣q Stimulates Hypertrophy and Apoptosis in Cultured
Neonatal Cardiac Myocytes. Hypertrophy induced by Gqcoupled agonists in cultured neonatal cardiomyocytes is characterized by cell enlargement, organization of myofilaments, and expression of atrial natriuretic factor (ANF) (3) (4) (5) (6) . To define more clearly the role of G␣q in cardiomyocytes, recombinant adenoviral expression vectors encoding wild-type or activated G␣q Q209L were generated. Cultured myocytes were infected with adenovirus constructs at a multiplicity of infection of 10 plaque-forming units per cell at nearly 100% infection efficiency (␤-galactosidase staining of LacZ-infected myocytes) without cytotoxicity (not shown).
Immunoblot analysis demonstrated overexpression of G␣q in myocytes infected with adenoviral constructs encoding G␣q WT or Q209L (Fig. 1a) . Endogenous G␣q expression was observed in longer immunoblot exposures (not shown). Expression of G␣q WT or Q209L autonomously activated phospholipase C, resulting in 12-and 65-fold increases in [ 3 H]-inositol phosphate accumulation respectively (Fig. 1b) . As reported with microinjection of activated G␣q (21), adenoviral expression of G␣q WT or Q209L increased ANF immunoreactivity ( Fig. 2 d and f ) . We further observed myocyte enlargement and increased sarcomeric organization in G␣q WT-expressing cells (Fig. 2c) . Unexpectedly, myocytes expressing mutant Q209L manifested a typical hypertrophic response at 8 hr ( Fig. 2 e and f ) but underwent cellular shrinkage, loss of sarcomeric organization, and cell death at later times ( Fig. 2 g and h) . Growth promoting and transforming effects of Gq signaling are well established, but the lethal effect of Q209L in cardiac myocytes was not anticipated. In situ DNA end-labeling studies showed a 3-to 4-fold increase in labeled nuclei in Q209L myocytes but a decrease in G␣q WT myocytes compared with LacZ infected cells (Fig. 3 a and b) , suggesting enhancement of apoptosis with Q209L but protection with G␣q WT. This pattern of apoptosis was confirmed by nucleosomal laddering of genomic DNA, which was increased in Q209L-infected myocytes but decreased in G␣q WT compared with LacZexpressing cells (Fig. 3c) .
G␣q Stimulates Hypertrophy, Apoptosis, and Heart Failure in Transgenic Mice. An in vivo counterpart of Gq-mediated apoptosis was identified in G␣q-overexpressing mice. Heterozygous G␣q WT expression in cardiac myocytes resulted in stable cardiac hypertrophy (10) . By crossing two independent G␣q WT-expressing lines, dual heterozygotes, mice expressing G␣q WT at 8ϫ control levels (compared with 4-and 5-fold for the parent lines) were obtained; these mice died of heart failure at 11 Ϯ 2 weeks. TUNEL assays labeled Ϸ8% of ventricular cardiomyocytes in failing dual heterozygotes (vs. Ͻ0.5% in nontransgenic and heterozygous mice), indicating that apoptosis was occurring (not shown) and suggesting a relationship between the extent of G␣q signaling, cardiomyocyte apoptosis, and heart failure.
A more striking example of apoptotic decompensation in heterozygous G␣q-overexpressing mice was observed in a lethal peripartum cardiomyopathy. The survival of G␣q transgenic mice as a function of number of pregnancies is depicted in Fig. 4a . The peak incidence of heart failure occurred within 1 week after delivery (Fig. 4a Inset) . Necropsy examination demonstrated massive cardiac enlargement involving all four cardiac chambers (Fig. 4b) and pulmonary congestion (Table  1 ; lung weight indexed to tibial length). Indices of cardiac hypertrophy, which are increased in nonfailing G␣q overexpressors (cardiac myocyte cross-sectional area and heart weight indexed to tibial length), were increased further in the cardiomyopathic peripartum hearts, as was hypertrophyassociated fetal cardiac gene expression (Table 1) . Protein kinase C activity also was augmented (Table 1) . These data support the notion that peripartum cardiomyopathy in these mice is associated with exaggerated G␣q signaling.
Histologic examination of peripartal G␣q hearts showed interstitial and replacement fibrosis (Fig. 4c) consistent with myocyte loss (22) but no myocardial inflammation. Apoptosis was evident by widespread TUNEL labeling of ventricular cardiomyocyte nuclei (Fig. 5 a and b) , with apoptotic indices of 26 Ϯ 12% in peripartum G␣q vs. 0.2 Ϯ 0.1% in peripartum controls (n ϭ 5 each, P Ͻ 0.05). Cells with apoptotic nuclei were identified as cardiac myocytes by propidium iodide staining (Fig. 5b) or labeling with ␣ sarcomeric actin (not shown) and TUNEL-stained nuclei demonstrated nuclear chromatin clumping and fragmentation (Fig. 5c) . The presence of apoptosis in peripartum cardiomyopathic hearts was confirmed by DNA laddering in ventricular extracts (Fig. 5d) .
p38 MAP Kinase and Jun Kinase Activation in G␣q-Mediated Cardiomyocyte Apoptosis. The above in vitro and in vivo studies suggested that activation of G␣q-coupled signaling pathways in excess of levels that cause cardiomyocyte hypertrophy can lead to cardiomyocyte apoptosis. We therefore postulated that a common downstream signaling pathway might be activated in the cultured cell and transgenic models of G␣q-stimulated apoptosis. Because the JNK and p38 MAP kinases have been implicated as apoptotic mediators in other systems, we assayed JNK and p38 activities in infected cardiomyocytes and transgenic hearts representing a spectrum of G␣q signaling. In cultured cardiomyocytes expressing G␣q WT, as in heterozygous transgenic mice expressing G␣q WT, the increase in JNK and p38 activity was minimal (Fig. 6) . In contrast, p38 and JNK activities were increased significantly both in cells expressing Q209L and in failing peripartal G␣q-overexpressing hearts (Fig. 6) . Thus, both in vitro and in vivo paradigms of cardiomyocyte apoptosis exhibited coordinate activation of JNK and p38 kinases.
DISCUSSION
These results demonstrate a continuum of response to increasing G␣q-mediated signaling, which suggests that G␣q is an early amplitude-modulated sensor for signals that initiate cardiomyocyte growth and death. This paradigm provides a possible cellular mechanism for the progression of ''compensated'' hypertrophy to heart failure. By using adenoviral infection to achieve nearly complete expression of wild-type or activated G␣q in cultured myocytes, we show that G␣q WT expression increases phospholipase C activity (12-fold) and leads to increased cell size and myofilament organization. These data extend the prior observation that microinjection of an activated G␣q expression plasmid into cardiomyocytes increased a genetic marker of hypertrophy (ANF) (21) . The effects of G␣q WT expression are thus identical to those observed in agonist-stimulated cardiac myocyte hypertrophy (3) (4) (5) (6) and are similar to those seen in the G␣q WT transgenic mice (10) .
Surprisingly, when we expressed a constitutively activated mutant form of G␣q, which markedly increased phospholipase C activity, hypertrophy was followed reproducibly by apoptotic cell death over 24-48 hr. These observations are similar to those of Althoefer et al. (24) showing that activated G␣q can cause apoptosis in Chinese hamster ovary and Cos-7 cells and they provide a plausible mechanism for decompensation of hypertrophied hearts in vivo. Accordingly, we characterized Morphometric values are expressed as mean Ϯ SEM of 8 to 17 animals. Organ weights indexed to tibial length are expressed in mg͞mm. Gene expression and protein kinase C activation are expressed as fold increased over nontransgenic (means of four or five animals per group). NTG, nontransgenic (control); Gq-25, G␣q overexpressor; Gq-25͞P, peripartum; CSA, cross sectional area; MHC, myosin heavy chain; sk, skeletal. *P Ͻ 0.05 compared with NTG. † P Ͻ 0.05 compared with nonpregnant mouse of same genotype. cardiomyopathies in G␣q WT-overexpressing mice. Whereas transgenic mice expressing G␣q at 4-fold control levels develop cardiac hypertrophy, mice expressing 8-fold normal levels developed a dilated cardiomyopathy with myocyte apoptosis. Using the more available peripartum cardiomyopathy G␣q model, we compiled several lines of evidence that heart failure is associated with myocyte apoptosis, including increased in situ end labeling of cardiac myocyte nuclei, microscopic identification of nuclear chromatin condensation, endonucleolytic DNA fragmentation, and evidence of cardiomyocyte loss without necrosis or inf lammation. Notably, apoptosis and heart failure were not observed in nonpregnant female G␣q-overexpressing mice followed for 72 weeks (ref.
10; unpublished data). It is also noteworthy that signs of peripartal heart failure in G␣q-overexpressing mice occurred most commonly after delivery, when hemodynamic changes associated with pregnancy are resolving (25) , and that chronic volume overload per se does not induce heart failure (unpublished results). Of importance, other transgenic murine models of hypertrophy have not been associated with peripartum cardiomyopathies (8, 26) . Thus, neither preexisting hypertrophy nor the hemodynamic effects of pregnancy appear to be sufficient to cause an apoptotic cardiomyopathy. Rather, the exaggerated cardiomyocyte hypertrophy and apoptosis of peripartal G␣q overexpressors implicate a pregnancy-associated stimulus that augments G␣q signaling. This notion is supported by increased protein kinase C activation and a pattern of MAP kinase activation (coincident activation of p38 kinase and JNK) that is the same as that observed in apoptotic Q209L myocytes. Although the postulated in vivo stimulus for apoptosis has not been identified, chronic infusion of angiotensin II caused a rapidly progressive apoptotic cardiomyopathy in preliminary studies with these mice (unpublished data). There is broad support for the notion that activation of JNK and p38 kinase stress-activated MAP kinases is associated with programmed cell death. Early studies implicated JNK and p38 as critical mediators of apoptosis in PC12 cells and lymphocytes (27) (28) (29) . Subsequently, p38 was shown to increase during ischemia͞reperfusion and JNK during reperfusion of isolated rat hearts (30, 31) , suggesting a relationship of stress-activated MAP kinase activation and ischemic injury. Recently, Wang, et al. (17) demonstrated distinct roles for each of two isoforms of p38 (␣ and ␤) in controlling hypertrophy and apoptosis in cardiac myocytes. Additionally, a specific upstream activator of JNK (MKK7) induced marked hypertrophy and, when expressed together with activators of p38 (MKK3 or 6), induced apoptosis (23) . The mediation of G␣q-stimulated cardiomyocyte apoptosis by combined activation of JNK and p38 is also consistent with other studies demonstrating that sustained or concurrent activation of stress-activated MAP kinase family members is required for development of apoptosis (27, 32, 33) .
A substantial body of information exists concerning biochemical determinants of cardiac hypertrophy whereas a generally accepted mechanism for hypertrophy decompensation does not exist. Conventional wisdom has held that decompensated hypertrophy reflects the transition from a physiologic to a pathologic state. The current studies suggest that, although hypertrophy is the initial result of Gq activation, this same stimulus, with time and sufficient signal strength, mediates progression to a pathological condition in which apoptosis occurs. Thus, compensated hypertrophy and heart failure may represent two different physiologic states, but we suggest that they are phases of the same process and are initiated by common biochemical stimuli. The possibility that Gq signals the transition from cardiac hypertrophy to cardiac failure under conditions of increased hemodynamic load is being studied.
